We report a measurement of the ratios of the decay rates of the B + , B 0 and 
I. INTRODUCTION
The bound states of bottom quarks provide a laboratory in which we can investigate the behavior of the strong force (Quantum Chromodynamics or QCD) and the electroweak interaction [1] . The lowest-lying bound states are the pseudoscalar mesons (B + , B 0 and B 0 s ) formed by one bottom anti-quark bound to one of the three lightest quarks (u, d and s, respectively). The branching fractions (B) of these mesons into final states consisting of only hadrons (the fully hadronic decays) have been studied theoretically and have been shown to yield insights into the interactions that take place between a quark and anti-quark pair at short distance scales [2] [3] [4] .
Experimental studies of bottom meson hadronic decays have been limited by their relatively small branching fractions (typically 10 −2 to 10 −3 ) and the difficulty of detecting the final states. The most precise branching fraction measurements have been made at e + e − colliders, where the B + and B 0 mesons are pair-produced at threshold [5, 6] . Bottom hadrons are produced copiously in high-energy proton-antiproton collisions [7] [8] [9] and so it is possible to measure the branching fractions of bottom mesons into those fully hadronic final states that have distinctive final state topologies. We report a study of the branching fractions of bottom mesons into final states consisting of a J/ψ meson and a light quark meson, using the Collider Detector at Fermilab (CDF). The data set consists of 19.6 pb −1 of 1.8 TeV pp collisions produced by the Fermilab Tevatron Collider. This work extends an earlier analysis of the same dataset [10] by incorporating an additional final state, J/ψφ(1020),
estimating the fragmentation fractions of B hadrons and providing improved measurements of the branching fractions of B + and B 0 mesons. Throughout this paper, references to a specific decay mode imply the charge conjugate mode as well.
We have focused our study on the bottom meson decay modes that yield a J/ψ meson that subsequently decays to a µ + µ − final state. This results in a signature that we can readily identify using the CDF trigger system and provides the necessary rejection of other background processes. We have measured the observed cross sections times branching fractions for the channels
B 0 s → J/ψφ(1020).
The observed cross section for the decay mode B + → J/ψK + can be decomposed into the form σ obs = σ(pp →b)f u B(B + → J/ψK
and similar forms can be written for the other decays. Here, σ(pp →b) is the bottom anti-quark production cross section and f u is the probability that the fragmentation of a b anti-quark will result in a B + meson. In a similar way, we define f d and f s to be the probabilities of a b anti-quark to hadronize and form a B 0 and B 0 s meson, respectively.
We will refer to these probabilities as fragmentation fractions and explicitly include in this fraction contributions from decays of heavier B hadrons into final states containing a B + , assumes that these fractions are independent of the flavor and energy of the quark initiating the hadronization process, then measurements of strange meson production in light quark fragmentation provide the most accurate estimates of f s [11] . Only one measurement of f s in the bottom meson system exists [12] and it has large uncertainties. No measurements have been made of f u or f d in the bottom meson system, despite the importance of these in many B hadron branching fraction, lifetime and mixing studies [13] .
The bottom quark production cross section σ(pp →b) is not precisely known; the best measurements to date have uncertainties of order ±20% [9] . The efficiency ǫ K + depends on an understanding of the b quark production properties and detector acceptance. We therefore present our measurements in the form of ratios of branching fractions in order to avoid introducing additional uncertainties due to the b quark production cross section and the final state detection efficiency. We then compare these ratios directly with phenomenological predictions of the relative B meson branching fractions. We also use our data to estimate the fragmentation fractions f u , f d and f s .
We have organized this report as follows. In Section II, we describe the data selection and procedures that we followed to reconstruct the five decay modes. We present in Section III a study of the relative sizes of resonant and non-resonant Kπ and KK contributions to the B meson final states. We describe the procedure used to determine the acceptance and efficiency corrections for each decay mode in Section IV. In Section V, we present the results of this study and conclude in Section VI.
II. DATA COLLECTION AND SELECTION
A. The CDF Detector CDF is a multi-purpose detector designed to study high-energy pp collisions produced by the Fermilab Tevatron Collider. It surrounds the interaction point with three charged particle tracking detectors immersed in a 1.4 T solenoidal magnetic field. The tracking system is contained within a hermetic calorimeter system that measures the energy flow of charged and neutral particles. Charged particle detectors outside the calorimeter are used to identify muon candidates. The detector has a coordinate system with the z axis along the proton beam direction. The polar angle θ is defined relative to the z axis, r is the radius from this axis and φ is the azimuthal angle. Pseudorapidity is defined as η ≡ − ln tan(θ/2).
The innermost tracking device is a silicon microstrip detector (SVX) located in the region between 3.0 and 7.9 cm in radius from the beam axis. This is followed by a set of time projection chambers (VTX) that measure charged particle trajectories out to a radius of 22 cm. An 84-layer drift chamber (CTC) measures the particle trajectories in the region between 30 and 130 cm in radius from the beam. This tracking system has high efficiency for detecting charged particles with momentum transverse to the beam P T > 0.35 GeV/c and |η| < ∼ 1.1, and the CTC and SVX together measure charged particle transverse momenta with a precision of
1/2 (with P T in units of GeV/c).
The muon detection system consists of 4 layers of planar drift chambers separated from the interaction point by ∼ 5 interaction lengths of material. Additional 4 layers of chambers are located outside the magnet return yoke (corresponding to 4 interaction lengths of material) in the central pseudorapidity region |η| < 0.7 to reduce the probability of misidentifying penetrating hadrons as muon candidates. An additional set of chambers is located in the pseudorapidity interval 0.7 < |η| < 1.0 to extend the acceptance of the muon system.
The muon system is capable of detecting muons with P T > ∼ 1.4 GeV/c in a pseudorapidity interval |η| < 1.0. These and other elements of the CDF detector are described in more detail elsewhere [14] .
B. The J/ψ Selection
We selected the J/ψ final state using a three-level trigger system that identified collisions with two muon candidates. The first level trigger required that there be two track candidates observed in the muon system. The level one trigger track efficiency rises from ∼ 40% at P T = 1.5 GeV/c to ∼ 93% for muons with P T > 3 GeV/c. The second level trigger requires the detection of a charged track in the CTC using the Central Fast Track processor (CFT), which performs a partial reconstruction of all charged tracks above a transverse momentum of ∼ 2.5 GeV/c. The CTC track is required to match within 15 0 in φ of the muon candidate.
The CFT efficiency rises from 40% at a muon P T = 2.6 GeV/c to ∼ 94% for P T > 3.1 GeV/c.
The third level trigger requires that two reconstructed CTC tracks match with two tracks in the muon chambers and that the dimuon invariant mass be between 2.8 and 3.4 GeV/c 2 .
The efficiency of the level three trigger requirement is (97 ± 2)% for J/ψ candidates. There are 2.06 × 10 5 dimuon candidate events that passed the level three trigger requirements.
These events were further selected to identify a clean sample of J/ψ candidates. We required that each muon candidate have a CTC track candidate with P T > 1.4 GeV/c.
This track, when extrapolated to the muon chambers, was required to match within 3 standard deviations of the extrapolation and measurement uncertainties with a muon track in the transverse plane (r-φ) and along the beam axis direction. The two muon candidates were required to have opposite charges. We performed a least-squares fit of the two muon candidate tracks under the constraint that the two tracks come from a common point (a vertex constraint). We required the probability of this fit to be greater than 0.01. These requirements resulted in a signal of (7.89 ± 0.08) × 10 4 J/ψ decays on a background of nonresonant dimuon candidate events. The dimuon invariant mass distribution for this sample is shown in Fig. 1 , along with an estimate of the background determined using same-charge muon candidate pairs. We performed an additional fit to the dimuon system, applying a vertex constraint and requiring that the dimuon invariant mass equal the world average J/ψ mass of 3.09688 GeV/c 2 [13] . The confidence level of this vertex-plus-mass constrained fit was required to be greater than 0.01.
C. Reconstruction of Exclusive Decays
We reconstructed the exclusive decay modes listed in Eqs. 1-5 by forming charged particle combinations with the J/ψ candidate. For the decay channel B + → J/ψK + , we considered every charged particle with P T > 1.5 GeV/c as a K + candidate and required the resulting B + candidate to have P T > 8.0 GeV/c. A least-squares fit was performed on the three charged tracks forming the J/ψK + candidate by constraining the three tracks to come from a common vertex, the invariant mass of the dimuon system to equal the world average J/ψ mass, and the flight path of the B + candidate to be parallel to its momentum vector in the transverse plane (a 2-dimensional pointing constraint). The confidence level of this leastsquares fit had to exceed 0.01. We required the fitted transverse momenta of the muon candidate with lowest and highest P T to be greater than 1.8 and 2.5 GeV/c, respectively.
This ensured that the muon candidates were likely to pass the dimuon trigger requirements.
In order to reduce the backgrounds from prompt J/ψ production, we required the B mass distribution for these candidates is shown in Fig. 2 
(b). A fit of this distribution to a
Gaussian lineshape and linear background results in a total signal of 36.9 ± 7.3 B 0 decays.
We searched for the decay mode Our data selection to reconstruct the decay
in a similar manner. We formed combinations of all oppositely-charged track pairs, and fit the four charged tracks requiring that they come from a common decay point, constraining the invariant dimuon mass to the world average J/ψ mass, and requiring that the flight path of the B 0 candidate be parallel to its momentum vector in the transverse plane. The confidence level of this fit had to be greater than 0.01 and the B 0 candidate cτ had to be positive. The combinatorial backgrounds to the K * (892) 0 decay are also large. This is illustrated in Fig. 3(d) , where we show the K + π − invariant mass distribution for events that have transverse momentum of the K + π − system greater than 2.0 GeV/c. We defined the B 0 candidate sample by requiring the P T of the K + π − system to be greater than 2.0 GeV/c and the resulting J/ψK + π − system to have P T > 8.0 GeV/c. We required the K + π − invariant mass to be within 0.08 GeV/c 2 of the world average K * (892) 0 mass (0.8961 GeV/c 2 ). The resulting J/ψK + π − invariant mass distribution is shown in Fig. 2 
(d).
This peak also has contributions from K * (892) 0 decays where the incorrect kaon and pion mass assignments yield an invariant K + π − mass within the K * (892) 0 mass window of ±0.08 GeV/c 2 . We used a Monte Carlo calculation, described in Section IV, to determine the relative fraction of such combinations and the shape of the resulting J/ψK + π − invariant mass distribution. The signal shape was parametrized by two Gaussian distributions with the relative width, normalization and position of the second distribution determined by a fit to the J/ψK + π − invariant mass distribution predicted by the Monte Carlo calculation. The width of the second Gaussian was fixed to 3.3 times the width of the first, the normalization of the second was fixed to 0.08 times that of the first and the mean of the second Gaussian distribution was offset lower in mass by 0.0023 GeV/c 2 relative to the mean of the first. This shape was then used in a fit to the observed J/ψK * (892) 0 invariant mass distribution to determine the number of B 0 decays in our data. This procedure yields a signal of 95.5 ± 14.3
The search for the decay mode B The signal and sideband regions are described in Table I . By allowing for a non-resonant contribution to the B decay rate, we will directly estimate the rate of resonant decays without having to assume that the rate of non-resonant decays is negligible. Table I . As a cross-check, we also estimated the number of signal events by fitting the resonance signals to Breit-Wigner lineshapes convoluted with detector resolution and background shapes described by second-order polynomial functions. The resulting event rates, N f it , are listed in Table I and are consistent with N sb .
Under the assumption that there are no non-resonant decays, we can also estimate the strength of the two-body resonant decay by correcting the observed B rates determined from the fits to the J/ψKπ and J/ψKK invariant mass distributions in Fig. 2(c) -(e) for the loss in efficiency due to the Kπ and KK mass cuts. The presence of non-resonant
Kπ or KK decays would result in corrected B decay rates systematically larger than those determined by N sb or N f it . The mass cut efficiencies have been estimated using a Monte Carlo calculation to be 0.80 and 0.86 for the Kπ and KK mass window cuts, respectively.
The resulting B meson rates, N win , are listed in Table I . We see no significant difference in the rates estimated by these three methods. We therefore conclude that we do not observe a significant non-resonant B → J/ψKπ or B 0 s → J/ψKK decay mode.
For the subsequent analysis, we choose N sb as the best estimate of the rate of resonant production as it is least biased by potential contributions from non-resonant production. In addition, we have investigated the possibility that kinematic reflections of other B hadron decay modes could enhance our observed event yields, and have excluded such contributions.
IV. EFFICIENCY CORRECTIONS
We estimate the relative reconstruction efficiency for each B meson decay mode to convert the observed number of B events into ratios of branching fractions. We write the efficiencies for reconstructing B mesons as
where we show the common contributions. The quantity ǫ J/ψ is the efficiency for triggering and reconstructing the J/ψ → µ + µ − decay. It is common to all decay modes. This also includes the combined efficiencies of the vertex and vertex-plus-mass constrained fits of 0.952 ± 0.006, which cancels out in our subsequent analysis. The quantities ǫ geom are the geometrical efficiencies for finding the daughter mesons in the tracking fiducial volume, having the decay exceed the minimum P T requirements on the meson and B systems given a J/ψ candidate, and having the B candidate satisfy the constrained fit requirements. The quantities ǫ cτ are the efficiencies of the proper decay length requirement on the B candidate in the different decay modes. The quantities ǫ K , ǫ Ks , ǫ π and ǫ φ are the efficiencies for reconstructing the K + , K 0 s , π − and φ mesons using the charged track information.
In addition to these efficiencies, we correct the observed event rates for the relevant branching fractions into intermediate states,
009, both taken from Ref. [13] , and the isospin weighting
Since we are only interested in ratios of efficiencies, the common terms in these efficiencies cancel, reducing the overall uncertainties. These include the term ǫ J/ψ , and the reconstruction efficiencies ǫ K or ǫ Ks when they appear in both the numerator and denominator of the ratio. A number of other quantities do not necessarily cancel when calculating the ratio of branching fractions. In order to evaluate the relative efficiencies, we employed a B meson Monte Carlo calculation. B mesons were generated with a P T spectrum predicted by a next-to-leading order QCD calculation [15] using the MRS D0 parton distribution functions [16] . The b quark P T was required to be > 5 GeV/c, and the b quark fragmentation into a B meson was modeled using the Peterson parametrization with the parameter ǫ chosen to be 0.006 [17] . The B mesons were decayed using the CLEO B decay model [18] and a full simulation was used to model the response of the CDF detector, including effects due to the underlying event. The resulting Monte Carlo events were then processed with the same algorithms used to reconstruct the data. We used the reconstructed Monte Carlo events to estimate the geometrical acceptances ǫ geom . These efficiencies are listed in Table II .
The geometrical efficiencies include the effect of the B meson vertex and mass constrained fits. We determined that the efficiency of the fitting procedure and subsequent confidence level requirements were independent of B decay mode by measuring the relative loss in signal events when different event topologies were fit employing both a vertex constraint and a vertex-plus-mass constraint. We assigned a systematic uncertainty of 1% in the relative acceptances to this effect, which we estimated by comparing the relative loss of signal events in the different decay topologies. We also investigated the uncertainties associated with the model of the detector used to measure the reconstruction efficiencies. We verified that the detector simulations accurately described the interaction vertex distributions and detector geometry. We then compared the efficiencies determined using the complete detector simulation to those determined using a parametrized model of the detector. Based on this comparison, we assigned a 5% systematic uncertainty on the relative geometrical efficiencies to take into account any remaining uncertainties in the detector model.
In principle, the B meson cτ requirements have different efficiencies for each channel because of different momentum and vertex resolutions for the final states and possible differences in the lifetimes of the B meson states. We evaluated the efficiencies ǫ cτ using the world average values for the lifetimes of the three B mesons [13] , using tracking detector resolutions observed in the events in the B sideband regions. The results are listed in Table II .
We repeated the efficiency calculation varying the lifetimes by one standard deviation. The resulting variations in the relative efficiencies were assigned as systematic uncertainties.
The meson reconstruction efficiencies take into account the charged track reconstruction efficiencies, the efficiencies of the K We assigned a systematic uncertainty on the relative acceptance due to this effect that varies from 1 to 5%, depending on the pair of final states being compared. The polarization of the vector mesons in the final state also has an effect on the relative acceptance. We varied the longitudinal polarization of the K * (892) meson in the B meson rest frame by ±0.10 around a nominal value of 0.75 and the φ(1020) meson longitudinal polarization by ±0.25 around the nominal value of 0.50 [19] . We assigned the resulting 2.5% change in acceptance as the systematic uncertainty due to this effect.
We expect B + , B 0 and B 0 s mesons to be produced both directly and through the production of excited B meson states that decay to the pseudoscalar mesons we observe. We investigated the effect such resonant production would have on the relative ratio of efficiencies of the decay modes studied by performing a Monte Carlo calculation using the PYTHIA program [20] , which models the production and decay of higher mass B meson states. In this calculation, we assumed that the relative production of B mesons with orbital angular momentum L and spin S was in the ratio 0.30 : 0.53 : 0.17 for L = 1 and S = 0 or 1: L = 0 and S = 1: L = 0 and S = 0 [21] . The change in the ratio of acceptances, relative to the case where only pseudoscalar meson production was assumed, varied from 1 to 4%, depending on the decay mode considered. We included this as an additional systematic uncertainty on the acceptance.
The systematic uncertainties assigned to the relative efficiencies are summarized in Table III . These were combined in quadrature to determine the total systematic uncertainty on the relative acceptance for each pair of decay modes used in this study.
V. RESULTS
We present our results as a matrix of ratios of acceptance-corrected rates of B meson decays into the five channels. The observed numbers of signal events, listed in Table II, were corrected by the detection efficiency for each decay. When we form the ten possible ratios of these acceptance-corrected event rates, the b quark production cross section and the common efficiencies cancel. The results are listed in Table IV . Three of these ratios have also been determined using a different technique based on the same data set [10] . The values determined here are in good agreement with these previous results. Note that the two measurements of these three ratios are not statistically independent.
The measured quantities are the ratios of the product of b quark fragmentation fractions and the B meson branching fractions into the specific final state. Thus our measurements can be written as
where the first and second uncertainties are the statistical and systematic uncertainties, respectively (henceforth the first and second uncertainties in measured values will represent the statistical and systematic uncertainties, respectively).
We can use these data to constrain both the fragmentation fractions and the meson branching fractions. To extract the branching fractions, we will have to assume certain ratios of fragmentation fractions. Correspondingly, we will use phenomenological and theoretical predictions for the ratios of branching fractions to extract the fragmentation fractions.
A. Branching Fractions All ratios that involve the B 0 s can be rewritten in the form given by the example
which gives us four different measures of the ratio of fragmentation fractions and the B 0 s branching fraction, using the world average values for the branching fractions [13] on the right-hand side of Eq. 22. With the assumption of equal B + and B 0 fragmentation fractions, we form the weighted average of the four estimates to obtain
In order to extract B(B 0 s → J/ψφ), we assume f u = f d and use the value f s = (0.40 ± 0.06) f u . This value of f s represents the central value of the range of reported f s measurements [11, 12] , and the uncertainty has been chosen to cover half of the difference between the minimum and maximum values. It is also consistent with the suppression of strange hadrons observed in the production of light quark hadrons [24] . With these values for the fragmentation fractions, we determine
The first uncertainty is statistical, the second accounts for the systematic uncertainties associated with the ratio of branching fraction measurements and the third is the uncertainty associated with the value we have taken for f s .
The B + and B 0 Branching Fractions
We can also use these data to estimate the branching fractions B(B + → J/ψK + ),
and B(B 0 → J/ψK * 0 ) using the world average values for the branching fractions, our ratios of branching fractions and the assumption that
For example, for the decay B + → J/ψK * + , we have three separate estimates
We use for the first factor on the right-hand side of these estimates the world average values for the branching fractions [13] and form the weighted average of these three measurements, thereby reducing the net statistical uncertainty. Because we employ in this calculation the world averages that have been determined assuming that f u = f d , these results depend implicitly on this assumption. Note that this estimate of B(B + → J/ψK * + ) is statistically independent of the world average value for this branching fraction.
Using this procedure, we obtain the branching fractions
The statistical and systematic uncertainties have been estimated by weighting the relative contributions in the world average values and our data. The uncertainties in the world average branching fractions used in this calculation are dominated by the most recent measurements by the CLEO collaboration [5] . These uncertainties are limited by the size of the CLEO sample, and are therefore largely statistical and independent. We have examined the stability of these estimates to different assumptions concerning the independence of the quoted systematic uncertainties. We find that our results and their estimated uncertainties are insensitive to possible correlations in the systematic uncertainties in the CLEO measurements.
Comparison with Theory
We have compared our measured ratios of branching fractions times fragmentation fractions with a calculation of the two-body nonleptonic decay rates of B mesons, using the factorization hypothesis, chiral and heavy quark symmetries and data from semileptonic D meson decays [3] . We adjusted the predicted ratios by the world average B meson lifetimes [13] to correct for the observed lifetime differences of these three states. Although several recent theoretical calculations of these branching fractions exist, we have selected Ref. [3] for this comparison as it predicts all the branching fractions for the five decays studied
here. The other model calculations have been made with varying theoretical assumptions and observational constraints, but they generally predict ratios of branching fractions that are in reasonable agreement with each other and our observations. It should be noted that these calculations generally assume the validity of factorization as applied to nonleptonic B meson decays but they differ in many details, such as the magnitude and shape of the form factors for B meson decay and the experimental constraints employed in the calculations.
In Ref. [3] , the form factors are normalized to D meson semileptonic decay data and are assumed to be consistent with simple pole dominance. This assumption has been criticised recently [22, 23] in the light of data on the observed polarization in the decay B → J/ψK * .
The results of the comparisons are shown in Fig. 5 . In order to compare ratios involving 
B. Ratios of Meson Fragmentation Fractions
The b quark fragmentation fractions have not been directly measured in a hadron collider environment. Our data allow us to constrain the ratios of these fractions. However, we note that the measured branching fractions of the B + and B 0 mesons have been determined assuming equal fragmentation fractions of b quarks produced in Υ(4S) decays. We therefore cannot employ the world average values for these quantities in estimating
Instead, we will make specific assumptions concerning the branching fractions.
Expressed in terms of fragmentation and branching fractions, the two ratios R
Under the assumption that the ratios of branching fractions on the right-hand side of Eqs. 32 and 33 are unity (which is the result of most quark model predictions), the weighted average of these two quantities gives
This result is consistent with the hypothesis that b quarks hadronize equally often into B + and B 0 mesons.
The strange meson fragmentation fraction f s is constrained by the ratios that involve the B 0 s final state, yielding the relationships
If we assume equal B + and B 0 decay rates to the J/ψK * final states, equal B + and B 0 decay rates to the J/ψK final states and f u = f d , we obtain the ratios
The probability of B 0 s meson production inferred from these data depends on the ratios of branching fractions in Eq. (39) and (40). We take for the ratios of these fractions the values predicted in [3] and correct for lifetime differences as discussed earlier. We find that
In phenomenological fragmentation models, the probabilities f u , f d and f s are related to the relative probabilities of producing a uū, dd and ss quark pair in the quark fragmentation process [25] . Measurements of the relative probabilities of strange meson to light meson production in e + e − and hadron-hadron collisions [11] and in deep inelastic scattering have yielded values in the range of 0.3 to 0.4. A recent compilation of these data has yielded a value of 0.29 ± 0.015 for the relative rate of strange quark production to up or down quark production [24] , which agrees well with our values measured in b quark fragmentation. Taken together, these measurements indicate that the rate of ss suppression in quark fragmentation is largely independent of energy and flavor of the quark initiating the fragmentation process.
C. Fragmentation Fractions of B Hadrons
The hadronization of b quarks produces both B mesons and baryons. Most B hadron decay models predict that virtually all B baryons produced during the fragmentation process will subsequently decay via modes that include a Λ 
The naïve spectator quark model would predict that the inclusive Λ 
This can be rearranged to determine values for f u , f d and f s using f Λ b and our measured ratios of fragmentation fractions:
We find that f u = 0.39 ± 0.04 ± 0.04, f d = 0.38 ± 0.04 ± 0.04 and f s = 0.13 ± 0.03 ± 0.01.
These values are all proportional to the term (1−f Λ b ) and are therefore relatively insensitive to our assumption concerning the Λ 0 b semileptonic branching fraction.
VI. CONCLUSION
We have measured the ratios of branching fractions times fragmentation fractions for the five decay modes The K + π − invariant mass distribution is shown in (d). 
